Introduction
============

Lung cancer represents the leading cause of cancer-related mortality worldwide and is responsible for nearly one cancer death in five among both sexes.[@b1-dddt-11-2047] Non-small cell lung cancer (NSCLC), the most common type of lung cancer, includes adenocarcinoma, squamous cell carcinoma and large-cell carcinoma histosubtypes and is generally diagnosed at advanced stages. Systemic therapy is the standard of care for advanced NSCLC patients and, until recently, platinum-based chemotherapy has been the only available first-line therapeutic option. Bevacizumab, a monoclonal antibody anti-vascular endothelial growth factor, was approved in combination with first-line platinum-based chemotherapy based on modest overall survival (OS) improvement in patients with nonsquamous NSCLC.[@b2-dddt-11-2047],[@b3-dddt-11-2047] Another targeted agent, the anti-epidermal growth factor receptor (anti-EGFR) monoclonal antibody necitumumab, has been approved with gemcitabine and cisplatin as the first-line treatment of metastatic squamous NSCLC based on a 1.6-month survival increase for the combination compared to chemotherapy alone.[@b4-dddt-11-2047] However, there are no current validated predictive biomarkers to select patients for both antiangiogenic drugs and anti-EGFR monoclonal antibodies.

The discovery in some subsets of NSCLC, mainly adenocarcinoma, of a number of actionable oncogenic alterations, including *EGFR* mutations and *ALK* rearrangements, conferring unique sensitivity to inhibition by specific molecularly targeted agents, has opened a new era of personalized medicine for lung cancer. Based on recent developments, NSCLC is not anymore considered a single entity, but a heterogeneous disease including morphologically and molecularly distinct subsets of tumors characterized by different therapeutic vulnerabilities.[@b5-dddt-11-2047] The tyrosine kinase inhibitors (TKIs) targeting EGFR and ALK have consistently demonstrated superior efficacy compared to chemotherapy, and they currently represent the standard of care of these molecularly defined subgroups of NSCLC patients.[@b6-dddt-11-2047]--[@b8-dddt-11-2047] Therefore, besides histopathologic assessments, molecular profiling of lung cancer has been rapidly incorporated into the diagnostic process to guide treatment decisions.[@b9-dddt-11-2047]

EML4/ALK in NSCLC
-----------------

The identification of the echinoderm microtubule-associated protein-like 4 (*EML4*)--anaplastic lymphoma kinase (*ALK*) fusion gene as an oncogenic driver in NSCLC in 2007 revolutionized the therapeutic management and improved the prognosis of the relatively small, but still relevant, subset of patients harboring this molecular alteration.[@b10-dddt-11-2047] The *EML4--ALK* fusion gene arises from a small inversion within the short arm of chromosome 2 that joins the 5′-end (encoding the NH2-terminal portion, including the coiled-coil domain) of the *EML4* gene to the 3′-end (encoding the COOH-terminal portion, including the tyrosine kinase domain) of the *ALK* gene. The *ALK* gene encodes for a protein of 1,620 amino acids that is a transmembrane tyrosine kinase receptor belonging to the insulin receptor superfamily. ALK has a probable role in the normal development and function of the nervous system.[@b11-dddt-11-2047]--[@b13-dddt-11-2047] In adult human tissues, expression of ALK appears restricted to certain neuronal cells. Pleiotrophin and midkine have been postulated to be the activating ligands of ALK. Both factors have shown to induce neuronal growth, but are also implicated in other processes such as cell migration and angiogenesis.[@b13-dddt-11-2047]--[@b15-dddt-11-2047] Gene amplification, activating mutations and chromosomal translocations with the formation of fusion genes may be responsible for ALK activation in tumor cells.[@b16-dddt-11-2047]

The *EML4--ALK* fusion gene results in a chimeric oncoprotein that undergoes constitutive dimerization and activation of the tyrosine kinase function of ALK and its downstream signaling, including Ras/mitogen-activated protein kinase (MAPK), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (AKT) and Janus kinase (JAK)/signal transducer and activator of transcription path-ways, which can promote cell proliferation, differentiation, and provide antiapoptotic signals. The ALK fusion product was demonstrated to be oncogenic in lung cancer and to drive transformation both in vitro and in vivo, thus suggesting its inhibition could represent an effective therapeutic strategy.[@b17-dddt-11-2047],[@b18-dddt-11-2047] Multiple variants of *EML4--ALK* have been reported, at least 15, depending on different breakpoints in the *EML4* fused to the kinase domain of *ALK*. The most common of them include variant 1, where exon 13 of *EML4* is fused to exon 20 of *ALK* (E13;A20), variant 2, where exon 20 of *EML4* is fused to exon 20 of *ALK* (E20;A20), and variant 3, where exon 6 of *EML4* is fused to exon 20 of *ALK* (E6;A20). Two isoforms for V3 can be generated by alternative splicing, V3a (E6a;A20) and V3b (E6b;A20).[@b19-dddt-11-2047]--[@b21-dddt-11-2047] Although the portion of EML4 fused to the kinase domain of ALK can vary, all the variants contain the amino-terminal coiled-coil domain within EML4, which is necessary for the oncogenic activity of EML4/ALK via homodimerization and kinase activation.

Preclinical and clinical data suggest that *EML4--ALK* variants have different sensitivity to ALK inhibition.[@b22-dddt-11-2047]--[@b24-dddt-11-2047] In a retrospective analysis, Yoshida et al showed a better efficacy of crizotinib in terms of progression-free survival (PFS) in patients with ALK variant 1 vs nonvariant 1. Moreover, a greater proportion of patients with *ALK* variant 1 achieved disease control than those with nonvariant 1.[@b24-dddt-11-2047] The *ALK* gene can have different fusion partners beyond *EML4*, including kinesin family member 5b (*KFIF5*), TRK-fused gene (*TGF*), kinesin light chain 1 (*KLC1*), huntingtin-interacting protein 1 (*HIP1*) and baculoviral inhibition of apoptosis protein repeat containing 6 (*BIRC6*).[@b24-dddt-11-2047]--[@b30-dddt-11-2047]

Rearrangements of the *ALK* gene have been identified in \~3%--7% of NSCLC and are more frequent in younger patients, with adenocarcinoma histology with signet-ring cell pattern and a never or light smoking history.[@b31-dddt-11-2047],[@b32-dddt-11-2047] *ALK* rearrangements generally occur independently of other driver mutations, including *EGFR* and *KRAS* mutations,[@b33-dddt-11-2047] although concomitant actionable mutations have been described. Several methods are currently available to detect *ALK* rearrangements in NSCLC clinical samples.[@b34-dddt-11-2047]--[@b37-dddt-11-2047] The break-apart fluorescence in situ hybridization was the first diagnostic test to be approved by the US Food and Drug Administration (FDA) as a diagnostic gold standard for screening of *ALK*-rearranged NSCLC. Other methods include immunohistochemistry, demonstrating high sensitivity, specificity and comparable results with fluorescence in situ hybridization, although it is less expensive and time consuming, real-time polymerase chain reaction, and novel techniques such as hybrid capture-based next-generation sequencing and Nanostring technology.

Current treatment of *ALK*-rearranged NSCLC
-------------------------------------------

Crizotinib, an oral small-molecule TKI of ALK, c-MET and ROS1 kinases,[@b38-dddt-11-2047],[@b39-dddt-11-2047] was the first targeted agent to be approved in 2011 for pretreated, *ALK*-rearranged NSCLC, based on pronounced activity seen in early Phase I and II studies, with the objective response rates (ORRs) ranging from 57% to 61% and median PFS from 8.1 to 9.7 months.[@b40-dddt-11-2047]--[@b42-dddt-11-2047] Subsequent Phase III trials demonstrated the superiority, in terms of PFS and ORR, of crizotinib compared to standard chemotherapy in previously treated (PROFILE 1007 study)[@b43-dddt-11-2047] and previously untreated (PROFILE 1014 study)[@b44-dddt-11-2047] patients with advanced *ALK*-positive NSCLC, thus establishing it as a standard of care for this subset of patients also in the first-line setting. In both studies, crizotinib was generally well tolerated and resulted in greater improvement in quality of life (QoL) compared to chemotherapy.[@b43-dddt-11-2047],[@b44-dddt-11-2047]

However, despite marked and durable initial responses to crizotinib, most patients develop progressive disease, generally within 1--2 years of starting therapy, similar to what happens with other targeted therapies.[@b45-dddt-11-2047] The central nervous system (CNS) is one of the most common sites of relapse. This can be explained by pharmacokinetic (PK) limitations rather than a biologic resistance. Crizotinib is indeed a known substrate of P-glycoprotein (P-gp), a drug efflux pump expressed in the capillary epithelial cells of the blood--brain barrier (BBB) that limits accumulation of the drug in the CNS.[@b46-dddt-11-2047]--[@b48-dddt-11-2047] Molecular mechanisms leading to crizotinib resistance have been commonly classified as on-target genetic alterations (secondary point mutations within the *ALK*-TK domain and *ALK* copy number alterations) and off-target mechanisms, such as activation of "bypass" signaling pathways and others (eg, epithelial--mesenchymal transition).[@b49-dddt-11-2047]--[@b51-dddt-11-2047]

The initial report of two secondary mutations (L1196M and C1156Y) came from the molecular analysis of postprogression tissue biopsy from a patient who developed resistance to crizotinib after 5 months.[@b52-dddt-11-2047] The gatekeeper mutation L1196M interferes with crizotinib binding through steric hindrance and is analogous to T315I in the *BCR--ABL* fusion gene and T790M in the *EGFR* gene conferring resistance to corresponding TKIs. The G1269A mutation is also located in the adenosine triphosphate (ATP)-binding pocket and affects ALK TKI binding. Other secondary resistance mutations have been identified from molecular characterization of postprogression patient specimens (occurring in \~20%--40% of cases) or ALK-resistant cell lines (derived from patients or generated in vitro), including C1156Y, F1174, 1151Tins, L1152R, S1206Y, I1171T, G1202R and D1203N.[@b49-dddt-11-2047]--[@b51-dddt-11-2047],[@b53-dddt-11-2047]--[@b55-dddt-11-2047] Multiple nonoverlapping mutations within the *ALK* TK domain have been reported, and also, *ALK* copy number alterations (copy number gain or amplification) can coexist in some cases, thus suggesting a potential heterogeneity of biologic resistance.[@b50-dddt-11-2047],[@b51-dddt-11-2047],[@b56-dddt-11-2047] Activation of alternate kinases, including EGFR, KIT, human epidermal growth factor receptor 2 (HER2)/HER3, insulin-like growth factor 1 receptor (IGF-1R), Rous sarcoma oncogene cellular homologue (SRC) and MAPK, leads to ALK-independent growth and resistance to inhibition by crizotinib.[@b49-dddt-11-2047],[@b57-dddt-11-2047]--[@b61-dddt-11-2047]

The evidence of a lack of long-term benefit from crizotinib due to acquisition of resistance has prompted the development of increasingly potent, selective and brain-penetrant ALK inhibitors, with differential spectrum of activity against the most common resistance mutations. Indeed, in initial studies in preclinical models, Ba/F3 cells expressing wild-type EML4--ALK or EML4--ALK with resistance mutations were tested for their sensitivity to a panel of ALK inhibitors.[@b51-dddt-11-2047] All of the mutant forms of EML4--ALK were found to be resistant to crizotinib compared with wild-type EML4--ALK and showed different degrees of sensitivity to next-generation ALK inhibitors depending on the type of mutation. For example, G1269A substitution was sensitive to several second-generation ALK inhibitors, whereas G1202R, at the solvent front of the kinase domain of ALK, conferred high-level resistance to almost all the ALK TKIs tested.

Different next-generation ALK inhibitors are currently being evaluated in clinical studies and some have demonstrated pronounced systemic and intracranial activity, in both crizotinib-resistant and crizotinib-naïve *ALK*-rearranged NSCLC. Ceritinib was the first next-generation ALK inhibitor to be approved by the FDA in 2014 for the treatment of patients with *ALK*-positive metastatic NSCLC who have progressed on or are intolerant to crizotinib and then by the European Medicines Agency (EMA) in 2015 for advanced *ALK*-positive NSCLC patients previously treated with crizotinib. Among the other next-generation ALK inhibitors, alectinib is currently approved by the FDA and EMA for the treatment of crizotinib-pretreated patients and brigatinib received "Breakthrough Therapy" designation from the FDA for the same indication.

Ceritinib: overcoming crizotinib resistance
===========================================

Design and mechanism of action
------------------------------

Ceritinib (LDK378; Zykadia^®^, Novartis Pharmaceuticals Corporation) is a potent and selective oral, ATP-competitive TKI of ALK. Ceritinib was derived from the optimization of a first lead compound identified by Novartis, TAE684,[@b62-dddt-11-2047] which was shown to be a potent and specific ALK inhibitor, but to have some deficiencies such as the capability to form an extensive number of reactive adducts upon metabolic oxidation, which might create the potential for toxicologic liabilities. This was mainly correlated with the presence of a solubilizing group connected by a nitrogen atom into the central aniline moiety. The modification of this molecule to design novel derivatives was thus performed by reversing the piperidine at the para position of the aniline moiety, replacing the methoxy moiety by an isopropoxy moiety and including a methyl group at the position para to the isopropoxy moiety.[@b63-dddt-11-2047],[@b64-dddt-11-2047] Through these modifications, a potent and selective ALK inhibitor, 5-chloro-N2-(2-isopropoxy-5-methyl-4-(piperidin-4-yl)phenyl)-N4-(2-(isopropylsulfonyl) phenyl)pyrimidine-2,4-diamine (LDK378, ceritinib), was synthesized ([Figure 1](#f1-dddt-11-2047){ref-type="fig"}). The molecular formula of ceritinib is C~28~H~36~ClN~5~O~3~S and the molecular weight is 558.14 Da. In an enzymatic kinase assay, ceritinib showed higher potency than crizotinib against ALK (IC~50~ value of 200 pM) and, among a panel of 30 kinases, it also showed biochemical inhibition of IGF-1R, InsR and STK22D. When the cellular kinase pro-file of ceritinib was assessed in Ba/F3 cells, it showed high selectivity against ALK (IC~50~ of 2.2 nM), without inhibiting the activity of other kinases, including IGF-1R. However, inhibition of IGF-1R and other kinases, including InsR and ROS1, can occur at clinically relevant concentrations.[@b65-dddt-11-2047],[@b66-dddt-11-2047] In Ba/F3 cells transfected with the *NPM--ALK* fusion gene, ceritinib showed potent antiproliferative activity (IC~50~ value of 26 nM), with good selectivity over wild-type Ba/F3 cells (IC~50~ \>2 μM) and Ba/F3 cells transfected with Tel-InsR gene (IC~50~ =320 nM).[@b63-dddt-11-2047] Ceritinib had an excellent PK profile in rodents and nonrodents, with an oral bioavailability of \>50%. In in vivo studies, the compound displayed significant antitumor activity against rat xenograft models of NPM--ALK anaplastic large cell lymphoma and EML4/*ALK*-positive NSCLC, causing dose-dependent inhibition of tumor growth, with good tolerability at all dose levels tested.[@b63-dddt-11-2047] In a tissue distribution study using a rat model, ceritinib crossed the BBB with a brain-to-blood exposure (AUC~inf~) ratio of \~15%.[@b66-dddt-11-2047]

Preclinical activity of ceritinib against *ALK* resistance mutations
--------------------------------------------------------------------

The activity of ceritinib in preclinical models of *ALK*-positive lung cancer with acquired resistance to crizotinib was examined in a landmark study by Friboulet et al.[@b67-dddt-11-2047] In in vitro enzymatic assays, ceritinib was 20-fold more potent against ALK than crizotinib. Moreover, it was more potent than crizotinib against *ALK*-positive cancer cell lines (H3122 and H228), which led to suppression of ALK phosphorylation, as well as suppression of downstream pathways (such as PI3K/AKT, MAPK/Erk kinase/extracellular signal-regulated kinase and mammalian target of rapamycin) at lower doses than crizotinib ([Figure 2](#f2-dddt-11-2047){ref-type="fig"}). In in vivo studies in treatment-naïve H2228 xenograft models, ceritinib showed marked and more durable antitumor activity than crizotinib. Ceritinib demonstrated activity against crizotinib-resistant mutations in different cancer cell lines, including two cell lines harboring the L1196M and G1269M mutations that were established from biopsies of *ALK*-positive NSCLC patients who had become resistant to crizotinib, with GI~50~ (50% growth inhibition) values from 6- to 36-fold inferior compared to crizotinib.[@b67-dddt-11-2047] In crizotinib-resistant xenograft models derived from cells harboring the L1196M mutation, ceritinib was able to control tumor growth at lower doses compared to crizotinib. Notably, a cell line without any detectable *ALK* alterations, derived from a biopsy of a patient at the time of progression to crizotinib was highly sensitive to ceritinib, supporting the clinical observation that ceritinib was highly active in crizotinib-resistant cancers with or without *ALK* secondary mutations.[@b67-dddt-11-2047]

The activity of ceritinib against nine additional *ALK* mutations conferring resistance to crizotinib was tested in Ba/F3 cells. Ceritinib potently inhibited the growth of those cells expressing the most common mutations, L1196M, G1269A and also S1206Y and I1171T, but not those with C1156Y, G1202R, 1151Tins, L1152R and F1174C mutations, although it was still more potent than crizotinib against these less-common mutations ([Figure 2](#f2-dddt-11-2047){ref-type="fig"}). In in vivo studies, ceritinib suppressed tumor growth in multiple crizotinib-resistant xenograft tumor models, with impressive antitumor activity in I1171T-resistant models, while less and no activity was observed in the C1156Y- and G1202R-resistant models, respectively.[@b67-dddt-11-2047]

One main reason explaining the ability of ceritinib to overcome most crizotinib-resistant mutations relies on the distinct molecular structure of these two compounds. Indeed, the presence of G1269A does not prevent ceritinib binding, while, on the other hand, it creates a steric hindrance to the phenyl ring of crizotinib. In the presence of the gatekeeper mutation L1196M, the Cl-moiety of the pyrimidine hinge-binding core of ceritinib interacts with methionine (Met). In contrast, crizotinib binding is affected through both steric interference and unfavorable interactions with the 2-amino substituent of the pyridinyl hinge-binding core and the methyl substituent of the alkoxy moiety of crizotinib.[@b67-dddt-11-2047] Conversely, ceritinib was less active against the other less-common mutations, including G1202R. The G1202R substitution is located at the solvent front of the ALK domain, abutting the crizotinib-binding site and likely diminishing the binding affinity of all other ALK inhibitors, including ceritinib, to the mutant kinase for steric hindrance, due to the presence of a large, bulky basic residue.[@b51-dddt-11-2047]

In summary, the next-generation ceritinib was able to overcome various crizotinib-resistant mutations and was potent against several in vitro and in vivo laboratory models of acquired resistance to crizotinib.

Pharmacokinetics
----------------

The PK profile of ceritinib was first evaluated in mice, rats, dogs and monkeys and found to be consistent across all these species. The compound showed good oral bioavailability (≥55%) following a single oral administration and a low plasma clearance compared to liver blood flow, with a high volume of distribution at a steady state (V~ss~). The time to maximum plasma concentration (T~max~) occurred late after oral administration, indicating slow oral absorption, with a half-life (T~1/2~) ranging from moderate to long (6.2--26 hours).[@b63-dddt-11-2047]

PK data in humans were reported from patients treated with ceritinib in the first-in-human study. The ASCEND-1 trial, enrolling patients with advanced cancer harboring genetic alterations in *ALK* (the majority were advanced NSCLC), included a dose-escalation phase, determining the maximum tolerated dose (MTD), followed by a dose-expansion phase.[@b68-dddt-11-2047] PK analyses were based on data from the dose-escalation phase, in which patients were treated with single daily oral ceritinib at dose levels of 50--750 mg daily, continued in 21-day cycles. Results from these analyses showed that exposure to ceritinib increased with the dose. The maximal plasma concentration (C~max~) increased slightly more than proportional to the dose, across daily doses ranging from 50 to 750 mg. During the 3-day PK evaluation period, after the administration of the first dose of ceritinib at the established MTD (750 mg daily), the C~max~ of ceritinib was achieved \~6 hours later and the mean terminal half-life was \~40 hours. The mean (±SD) area under the plasma concentration--time curve (AUC) over a 24-hour period on day 8 was 16,500±4,750 ng/mL/hour. The mean C~max~ was 800±205 ng/mL. After multiple repeated daily oral doses, steady-state levels of ceritinib were achieved by \~day 15.[@b68-dddt-11-2047] The absolute bioavailability of oral ceritinib is not known.[@b66-dddt-11-2047] Two studies were conducted in healthy adults to investigate the influence of food on the oral bioavailability of ceritinib: a study with low- or high-fat meals at 500 mg and another study with a light snack at 750 mg.[@b69-dddt-11-2047] Higher plasma concentrations for ceritinib were achieved when it was administered under fed conditions (low- and high-fat meals). The C~max~ and the AUC from time zero to infinity (AUC~0--∞~) of ceritinib were increased by 43% and 58% after a low-fat meal and by 41% and 73% after intake of a high-fat meal, respectively, compared to fasting conditions.[@b69-dddt-11-2047] Similar results were observed with oral administration of 750 mg ceritinib with a light snack. These data suggest a higher oral bioavailability and drug exposure with food, and that ceritinib should be taken on an empty stomach. However, a three-arm randomized trial is ongoing to evaluate an alternative way to give ceritinib (lower doses, 450 or 600 mg taken with a low-fat meal), compared to ceritinib 750 mg taken in a fasted state, that may lead to better gastrointestinal tolerability in patients with *ALK*-positive NSCLC while maintaining similar steady-state exposure (NCT02299505). Ceritinib is highly bound to plasma protein (about 97%), independent of the drug concentration, and displays a preference for red blood cells over plasma (mean blood-to-plasma ratio of 1.35).[@b66-dddt-11-2047] The volume of distribution (Vd/F) after single oral dose (750 mg) of ceritinib is 4230 L. Ceritinib is primarily metabolized by cytochrome P450 family 3 subfamily A (CYP3A) enzymes and is primarily excreted via feces (92.3%, with 68% of the dose excreted unchanged, vs 1.3% via urine).

Compared with crizotinib, according to the FDA prescribing information,[@b66-dddt-11-2047] the half-life of ceritinib after a single dose is similar (for ceritinib at 750 mg: 41 hours; for crizotinib at 250 mg: 42 hours) and both ALK inhibitors have a lower clearance at steady state after daily dose administration (ceritinib: 33.2 L/hour; crizotinib: 60 L/hour) compared to a single dose (ceritinib: 88.5 L/hour; crizotinib: 100 L/hour), indicating nonlinear PK over time.

Drug interactions
-----------------

Ceritinib is a substrate of CYP3A, as shown by in vitro studies.[@b66-dddt-11-2047] Coadministration with ketoconazole (a strong CYP3A inhibitor) increased ceritinib exposure by 2.9-fold, and coadministration with rifampin (a strong CYP3A inducer) decreased ceritinib exposure by 70% in healthy subjects.[@b66-dddt-11-2047],[@b70-dddt-11-2047] Ceritinib may inhibit CYP3A and cytochrome P450 family 2 subfamily C member 9 (CYP2C9) at clinical concentrations. Ceritinib is not a substrate of Breast Cancer Resistance Protein (BCRP), Organic Cation Transporter (OCT1), Organic Anion Transporter (OAT2) or Organic Anion Transporter Polypeptide (OATP1B1) transporter proteins, but is a substrate of efflux transporter P-gp; thus, coadministration with drugs inhibiting P-gp may result in increased levels of ceritinib.[@b66-dddt-11-2047] Notably, recent data indi-cate an important role of the multidrug transporters p-gp/ATP-binding cassette subfamily B member 1A (ABCB1) and BCRP/ATP-binding cassette subfamily G member 2 (ABCG2) in regulating accumulation of ceritinib in the brain, thus suggesting a potential combined approach with inhibitors of these proteins and ceritinib to improve treatment of brain metastases or in those tumors overexpressing ABCB1 and/or ABCG2.[@b71-dddt-11-2047] Ceritinib demonstrates poor solubility as pH increases in vitro, thus its bioavailability may be altered by concomitant gastric acid reducing agent administration, although there are no studies specifically designed to evaluate this association.[@b66-dddt-11-2047]

Clinical development
====================

Phase I and II studies
----------------------

Ceritinib was tested in a Phase I study, the ASCEND-1, which enrolled patients with advanced cancers with genetic alterations in *ALK*, including *ALK*-rearranged NSCLC (including patients who had previously received an ALK inhibitor).[@b68-dddt-11-2047] In the dose-escalation phase of the study, ceritinib was administered as a single oral daily dose starting from 50 mg, on the basis of preclinical safety data. Based on the occurrence of dose-limiting toxicities, including diarrhea, vomiting, dehydration, elevated aminotransferase levels and hypophosphatemia, the MTD of ceritinib was defined to be 750 mg once daily, which was the dose assessed in the dose-expansion phase. The assessment of antitumor activity of ceritinib was a key secondary objective of this study. Ceritinib demonstrated significant clinical activity in advanced, *ALK*-rearranged NSCLC patients, with an ORR of 58% (95% CI: 48--67) among those patients who received at least 400 mg of ceritinib per day ([Table 1](#t1-dddt-11-2047){ref-type="table"}).[@b68-dddt-11-2047] The ORR was 62% in ALK inhibitor-naive patients and 56% in crizotinib-pretreated patients, including patients with untreated brain CNS lesions after crizotinib progression. Some responses were dramatic and rapid. The median duration of response was 8.2 months. Overall median PFS was 7 months (95% CI: 5.6--9.5), 6.9 months in the subgroup of ALK inhibitor-pretreated patients and 10.4 months in patients who had not received crizotinib previously. Adverse events (AEs) were more gastrointestinal, of grade 1 or 2 ([Table 2](#t2-dddt-11-2047){ref-type="table"}). Of interest, responses to ceritinib were observed regardless of the presence of *ALK* resistance mutations detected in tumor tissues from rebiopsy taken at the time of crizotinib resistance before study entry, thus confirming results from preclinical studies and suggesting that cells can become resistant due to incomplete inhibition of ALK by crizotinib at clinically relevant concentrations, so a more potent and structurally distinct ALK inhibitor can overcome this resistance, or even that ceritinib may have a broader range of activity against unknown resistance genetic alterations. Based on this study, in April 2014, the FDA granted accelerated approval to ceritinib for the treatment of patients with *ALK*-positive metastatic NSCLC with disease progression or who are intolerant to crizotinib. In February 2015, the EMA Committee for Medicinal Products for Human Use adopted a positive opinion, recommending the granting of a conditional marketing authorization for ceritinib in patients with advanced *ALK*-positive NSCLC previously treated with crizotinib. An updated analysis of the ASCEND-1, including all *ALK*-rearranged NSCLC patients (n=246) who received oral ceritinib at 750 mg/day in the dose-escalation and -expansion phases, has been recently reported.[@b72-dddt-11-2047] After a median follow-up of 11 months, ceritinib confirmed its high activity and resulted in clinically meaningful and durable antitumor responses in ALK inhibitor-naïve patients (median duration of response \[DOR\] was 17.0 months and PFS was 18.4 months) and in ALK inhibitor-pretreated patients (median DOR was 8.3 months and PFS was 6.9 months).[@b72-dddt-11-2047] All those patients with tumors harboring common *ALK* resistance mutations, including E1129V, L1196M, C1156Y, I1171T and F1174V, had partial responses with ceritinib, while a patient with G1202R did not respond.[@b73-dddt-11-2047] Ceritinib also showed significant intracranial responses, as demonstrated in a retrospective analysis. Indeed, of 36 patients with asymptomatic measurable brain metastases at baseline, 63% (95% CI: 25--92) of crizotinib-naïve patients achieved an intracranial response, as did 36% (19--56) of crizotinib-pretreated patients ([Table 1](#t1-dddt-11-2047){ref-type="table"}).[@b73-dddt-11-2047] The median time to intracranial response was similar to that of whole-body response. Responses were observed in more than half of patients who had received prior brain radiotherapy, indicating a BBB penetration of this highly potent ALK inhibitor.

In the open-label, multicenter, Phase II study, ASCEND-2, patients with advanced *ALK*-rearranged NSCLC, previously treated with at least one platinum-based chemotherapy and who experienced progression during crizotinib treatment as their last prior therapy, received oral ceritinib at a standard dose of 750 mg daily.[@b74-dddt-11-2047] Patients with asymptomatic or neurologically stable baseline brain metastases were included. The results from this study were generally consistent with those reported for the ASCEND-1 study. The ORR was 38.6%, with a disease control rate (DCR) of 77.1%. The responses were rapid (time to response \[TTR\] 1.8 months) and durable (median DOR 9.7 months). The median PFS and OS were 5.7 and 14.9 months, respectively ([Table 1](#t1-dddt-11-2047){ref-type="table"}). Among 20 patients who had baseline measurable brain lesions, an intracranial DCR of 80% was achieved. Overall, the safety profile was consistent with that of ASCEND-1 and no new or unexpected serious AEs (SAEs) were reported ([Table 2](#t2-dddt-11-2047){ref-type="table"}).[@b74-dddt-11-2047] A trend toward improved lung cancer symptoms was observed. However, patients reported worse gastrointestinal symptoms, compared to baseline, throughout the treatment, but the global QoL score was maintained during treatment.

In the ASCEND-3, a single-arm, open-label, multi-center Phase II study, ceritinib was assessed in advanced or metastatic ALK+ NSCLC patients, who were chemotherapy naïve or had received up to three lines of chemotherapy and no prior ALK-TKIs treatment. Long-term follow-up results (\>2 years) have been recently presented.[@b75-dddt-11-2047] A total of 124 patients were enrolled; \~40% had brain metastases at baseline, of whom more than a half had received prior brain radiotherapy. The ORR assessed by blinded independent review committee was 63.7% (95% CI: 54.6%--72.2%), with a median PFS of 18.4 months ([Table 1](#t1-dddt-11-2047){ref-type="table"}). Median OS was not reached at data cutoff, and the estimated 24-month OS rate was 67.5%. Intracranial response rate in those patients with measurable brain metastases at baseline (13 patients) was 61.5%, including one complete response, with an intracranial DCR of 76.9%. The AEs were consistent with the known safety profile of ceritinib ([Table 2](#t2-dddt-11-2047){ref-type="table"}). Approximately 80% of patients had dose interruptions or adjustments due to AEs. Updated patient-reported outcome (PRO) results were consistent with the primary analysis and showed improvement of symptoms from baseline and the QoL was maintained.

Phase III studies
-----------------

Two randomized Phase III trials compared ceritinib vs standard chemotherapy in the first-line (ASCEND-4)[@b76-dddt-11-2047] or second-line (ASCEND-5) setting.[@b74-dddt-11-2047] The primary endpoint of both studies was PFS. The ASCEND-4 trial included 376 patients with previously untreated, *ALK*-positive, advanced NSCLC, who were randomly assigned to receive ceritinib 750 mg/day or pemetrexed-platinum chemotherapy, followed by maintenance pemetrexed.[@b76-dddt-11-2047] Ceritinib treatment significantly improved median PFS compared to chemotherapy, with a risk reduction of 45% in PFS (16.6 vs 8.1 months for ceritinib and chemotherapy, respectively; hazard ratio \[HR\] 0.55, 95% CI: 0.42--0.73; *P*\<0.00001), as shown in [Table 1](#t1-dddt-11-2047){ref-type="table"}. Ceritinib was also associated with improved median PFS compared to chemotherapy both in the subgroup of patients without brain metastases (26.3 vs 8.3 months, HR 0.48, 95% CI: 0.33--0.69) and with brain metastases (10.7 vs 6.7 months, HR 0.70, 95% CI: 0.44--1.12). In addition, significantly higher and durable responses were attained with ceritinib compared to chemotherapy (ORR and DOR: 72.7% and 23.9 months vs 27.3% and 16.6 months, respectively), as shown in [Table 1](#t1-dddt-11-2047){ref-type="table"}. In patients with measurable brain metastases at baseline, ceritinib showed a high overall intracranial response rate of 72.7%, an intracranial clinical benefit rate of 86.4% at 24 weeks and a median duration of intracranial response of 16.6 months. The median OS was not reached in the ceritinib group and was 26.2 months in the control group. AEs on ceritinib were frequent, but generally considered manageable and acceptable, and only 5.3% patients discontinued treatment due to AEs suspected to be drug related ([Table 2](#t2-dddt-11-2047){ref-type="table"}). Ceritinib led to significant improvements in QoL and improved lung cancer symptom scores, compared to chemotherapy. These data strongly favor ceritinib vs standard chemotherapy as first-therapeutic approach in *ALK*-rearranged NSCLC patients. However, given the superiority of crizotinib compared with platinum/pemetrexed chemotherapy in the first-line setting of *ALK*-positive NSCLC, currently, chemotherapy should not represent the optimal control arm anymore, and current trials are ongoing to compare head-to-head next-generation ALK inhibitors and crizotinib.

In the open-label, randomized, Phase III ASCEND-5 study, ceritinib was compared with chemotherapy (docetaxel or pemetrexed) in locally advanced or metastatic, *ALK*-rearranged NSCLC patients who had received previous crizotinib (any time prior to enrollment) and chemotherapy (including a platinum doublet).[@b77-dddt-11-2047] Patients who discontinued chemotherapy due to disease progression could crossover to ceritinib. Results were recently presented and showed that median PFS, as assessed by blinded independent review committee, was significantly improved with ceritinib compared to chemotherapy (5.4 vs 1.6 months; HR 0.49, 95% CI: 0.36--0.67; *P*\<0.001). The improvement in PFS was robust, demonstrating consistency across a number of subgroups, and clinical benefit was further supported by ORR (39.1% vs 6.9%) and DCR (76.5% vs 36.2%), as shown in [Table 1](#t1-dddt-11-2047){ref-type="table"}. Furthermore, there was a trend toward a reduction in many patient-reported lung cancer-related symptoms with ceritinib.[@b77-dddt-11-2047] Although the OS data were immature, there seemed to be no improvement with ceritinib, probably because of the high number of patients crossed over to ceritinib after progression. The incidence and the type of AEs were consistent with those reported in Phase I and Phase II study ([Table 2](#t2-dddt-11-2047){ref-type="table"}).

Intracranial activity of next-generation ALK inhibitors in crizotinib-resistant NSCLC patients
----------------------------------------------------------------------------------------------

A significant portion, reported as 26% of patients enrolled on PROFILE 1014, of patients with *ALK*-positive NSCLC present with brain metastasis at baseline.[@b44-dddt-11-2047],[@b49-dddt-11-2047] Moreover, CNS is recognized to be one of the most common sites of progression during crizotinib. In a retrospective, pooled analysis from the PROFILE 1005 and 1007 trials, among patients with asymptomatic untreated brain metastases who received crizotinib, the median time to intracranial progression was 7 months, compared with a 12.5-month median time to systemic progression. Moreover, the CNS was a site of progression in 70% of patients with known brain metastases during crizotinib treatment and 20% of those without brain metastases at study entry had progression in CNS on crizotinib.[@b49-dddt-11-2047],[@b78-dddt-11-2047] As we have commented, the predisposition toward CNS progression during crizotinib is attributable to poor accumulation of the drug into the CNS.[@b46-dddt-11-2047]--[@b49-dddt-11-2047]

Next-generation ALK inhibitors have been developed to be more potent and with improved BBB penetration compared to crizotinib, and this has resulted in significant intracranial activity and CNS disease control. In Phase I and Phase II studies in crizotinib-resistant patients with measurable lesions at baseline, the reported ORR and intracranial DCR were 36%--45% and 80% for ceritinib,[@b72-dddt-11-2047],[@b74-dddt-11-2047] 64% and 90% for alectinib (in the pooled analysis of NP28761 and NP28673 studies)[@b79-dddt-11-2047] and 53% and 86% for brigantinib, respectively ([Table 1](#t1-dddt-11-2047){ref-type="table"}).[@b80-dddt-11-2047] In contrast to crizotinib and ceritinib, alectinib is not a P-gp substrate and can achieve higher CNS levels compared to these compounds, as demonstrated in preclinical models and also in clinical studies.[@b71-dddt-11-2047],[@b81-dddt-11-2047] Also, preliminary clinical results with brigatinib confirm its significant CNS activity demonstrated in preclinical studies in an orthotopic mouse brain tumor model.[@b82-dddt-11-2047] Another potent, next-generation ALK and ROS1 inhibitor, lorlatinib, has shown preclinical and clinical intracranial activity.[@b83-dddt-11-2047]--[@b85-dddt-11-2047] Indeed, lorlatinib induced regression of EML4--ALK-driven brain metastases, leading to prolonged survival in vivo. In an ongoing Phase I study, lorlatinib was associated with an intracranial ORR on target lesions of 42% in *ALK*-positive patients and an impressive intracranial ORR of 80% in ROS1-positive patients.[@b85-dddt-11-2047]

The ASCEND-7 is a multicenter, open-label, Phase II ongoing study to evaluate prospectively the efficacy and safety of ceritinib (administered orally once daily at a dose of 750 mg) in patients with *ALK*-positive NSCLC, metastatic to the brain without evidence of leptomeningeal carcinomatosis (previously treated or untreated with radiation to the brain and with or without prior exposure to crizotinib), and in patients with leptomeningeal carcinomatosis with or without evidence of active lesion at the baseline gadolinium-enhanced brain MRI (previous treatment with ALK inhibitors other than crizotinib is not allowed in the latter arm). Overall response rate is the primary outcome. Secondary outcome measures include time to intracranial tumor response, PFS and OS (NCT02336451).

Safety and tolerability
-----------------------

Ceritinib was well tolerated in all clinical studies, with most AEs of grade 1 and 2 and very rare events of grade ≥3 ([Table 2](#t2-dddt-11-2047){ref-type="table"}). In the dose-escalation phase of the ASCEND-1, in which ceritinib was administered at dose levels of 50--750 mg daily, dose-limiting toxicities occurred in six patients at doses of ≥400 mg and included nausea and vomiting at 750 mg/daily, diarrhea at a daily dose ≥600 mg, dehydration at 600 mg daily, increase in alanine aminotransferase (ALT) and hypophosphatemia at 400 mg daily.[@b68-dddt-11-2047] The most common AEs of any grade occurring among the 130 patients included in the study were nausea (82%), diarrhea (47%), vomiting (65%), fatigue (47%) and increased ALT levels (35%). The most common AEs of grade 3 or 4 related to the study drug were increased ALT levels (21%), increased aspartate aminotransferase levels (11%), diarrhea (7%) and increased lipase levels (7%); other less-common grade 3 or 4 toxicities included hypophosphatemia (3%), elevated amylase level and hyperglycemia (both 2%). No treatment-related deaths were reported. All toxicities were reversible on discontinuation of treatment. However, a high percentage of patients required dose reduction (51% of patients treated across all dose levels and 62% of patients treated with 750 mg daily). Four cases of interstitial lung disease and one case of asymptomatic grade 3 prolongation of the corrected QT interval were reported, possibly related to ceritinib therapy. In 8 (6%) of 130 patients, ceritinib treatment was permanently discontinued. In the update analysis of ASCEND-1, including patients with *ALK*-rearranged NSCLC who received ceritinib at 750 mg/day, 97% of patients had AEs suspected to be related to treatment.[@b72-dddt-11-2047] The most common AEs of grade 1--2 were gastrointestinal disorders (diarrhea, nausea and vomiting), which occurred in 99% of patients and were manageable through use of concomitant medication and dose modifications. The most common grade 3--4 AEs (nonlaboratory and laboratory) were diarrhea and nausea (both 6%), increased ALT (30%) and aspartate aminotransferase (10%), increased lipase (7%) and hyperglycemia (6%; 2% was reported as an SAE), as shown in [Table 2](#t2-dddt-11-2047){ref-type="table"}. Grade 3 or 4 treatment-related AEs and SAEs of any grade were reported in 51% and 12% of patients, respectively. Interstitial lung disease or pneumonitis was reported in nine (4%) patients (grade ≥3 in eight patients, including one leading to death), and no case of prolongation of the corrected QT interval (\>500 ms) was observed. Twenty-six (11%) patients discontinued treatment due to AEs.

Safety analyses from the ASCEND-2 were consistent with those of ASCEND-1, with no new or unexpected SAE.[@b74-dddt-11-2047] Gastrointestinal disorders, mainly of grade 1 or 2 (nausea 81.4%, diarrhea 80% and vomiting 62.9%), were the most prevalent AEs. Overall, grade ≥3 AEs were reported in 71.4% of all patients, and in 45.7% of patients, they were suspected to be drug related ([Table 2](#t2-dddt-11-2047){ref-type="table"}). Among these, the ALT and γ-GT increase occurred in 15.7% and 9.3% of patients, respectively. Prolongation of QTc and pneumoni-tis occurred at any grade in 1.4% and 7.9% of patients, respectively, and grade ≥3 of these AEs each occurred in one patient. Drug-related SAEs were reported in 17.1% of patients. Only 7.9% of patients discontinued treatment due to an AE.[@b74-dddt-11-2047] PROs showed a trend toward improved symptom burden and QoL was maintained during treatment. Also, in the ASCEND-3 trial, ceritinib was associated with pre-dominantly gastrointestinal AEs, mostly of grade 1 and 2, and they were manageable with dose interruptions and/or reduction.[@b75-dddt-11-2047] Grade ≥3 AEs occurred in 106 (85.5%) of 124 patients and the most common AEs were increases in ALT and γ-GT ([Table 2](#t2-dddt-11-2047){ref-type="table"}). Drug-related SAEs were observed in 11% of patients and \~80% of patients had dose interruptions or adjustments due to AEs. Among the 10 deaths, only 3 were due to AEs, none of which was considered drug related. Updated PRO results were consistent with the primary analysis and showed improvement in symptoms from baseline, and the QoL was maintained.

Phase III studies, ASCEND-4[@b76-dddt-11-2047] and ASCEND-5,[@b77-dddt-11-2047] confirmed the overall manageable safety profile of ceritinib ([Table 2](#t2-dddt-11-2047){ref-type="table"}), with higher frequency of dose interruptions and modifications due to AEs compared to chemotherapy, but lower rates of treatment discontinuation. In both studies, ceritinib improved the lung cancer symptoms and the QoL, compared to chemotherapy.

Acquired resistance to ceritinib
--------------------------------

Ceritinib has been widely demonstrated to have high activity against the most common mutations conferring resistance to crizotinib, including L1196M, G1269A and S1206Y.[@b67-dddt-11-2047] Ceritinib has also activity against cell lines with secondary I1171T and V1180L mutations, conferring resistance to both crizotinib and alectinib.[@b86-dddt-11-2047],[@b87-dddt-11-2047] However, as observed for crizotinib and other targeted therapies, *ALK*-positive cells can acquire resistance under chronic exposure to ceritinib, thus determining disease progression and limiting its long-term efficacy. Molecular profiling of tumor tissues from rebiopsies obtained at the time of disease progression on ceritinib revealed the presence of novel, acquired mutations at either G1202 or F1174, in 5 of 11 samples analyzed.[@b67-dddt-11-2047] Moreover, two different ceritinib resistance mutations were identified within two different biopsy sites in the same patient, underscoring the heterogeneity of ceritinib resistance mechanisms. As commented, the mutation G1202R maps to the solvent-exposed region of ALK, where the bulkier, charged side chain is thought to lead to steric hindrance of most ALK inhibitors. In the ASCEND-1 study, a patient who was found with G1202R did not respond to ceritinib.[@b73-dddt-11-2047] The presence of this mutation confers resistance to ceritinib, while F1174C/L mutations map adjacent to the C terminus of the αC helix and may stabilize an active conformation that increases the ATP-binding affinity of ALK. Toyokawa et al identified an ALK G1123S mutation in a patient with *ALK*-positive NSCLC acquiring resistance to ceritinib. Such a mutation located at codon 1123, within the glycine-rich loop, seems to sterically block ATP binding and/or alter the dynamics of the glycine-rich loop, resulting in perturbation of the interactions with ALK inhibitors.[@b88-dddt-11-2047]

New fundamental insights about the mechanisms of resistance developing during treatment with different ALK inhibitors, including ceritinib, have been provided by a recent in-depth molecular characterization of a large series of repeat postprogression biopsies from *ALK*-positive NSCLC patients.[@b89-dddt-11-2047] Overall, *ALK* resistance mutations represented the predominant mechanism of resistance after progression to next-generation ALK inhibitors; they were present in 56% of tumor samples, with distinct frequency and patterns of mutations depending on the drug, although the most common was represented by ALK G1202R. Among the 24 ceritinib-resistant samples, 54% showed resistance mutations, the most common being G1202R and F1174C/L ([Figure 2](#f2-dddt-11-2047){ref-type="fig"}). Other mutations included C1156Y, V1180L and the novel G1202del.[@b89-dddt-11-2047] Also, an EMT phenotype was identified in 5 of 12 (42%) ceritinib-resistant biopsy specimens, including 2 cases with the L1196M mutation which does not usually confer resistance to ceritinib.[@b89-dddt-11-2047] Interestingly, the potent third-generation ALK inhibitor, lorlatinib, inhibited the growth of ceritinib-resistant patient-derived cell lines harboring *ALK*-resistant mutations, while it had no activity against *ALK* wild-type cell lines. In addition, lorlatinib was active against cell lines with compound mutations which can occur after sequential treatment with different ALK inhibitors.[@b89-dddt-11-2047] Activation of this bypass track has emerged as a possible mechanism of acquired resistance to ceritinib. Indeed, in a tumor sample obtained from a patient after ceritinib progression, a MET amplification was identified.[@b73-dddt-11-2047] A recent in vitro study investigated the mechanisms of acquired resistance to alectinib and ceritinib in H3122 NSCLC cell lines harboring the EML4--ALK variant 1 fusion.[@b90-dddt-11-2047] Secondary mutations of ALK were not detected; in contrast, overexpression of phospho-ALK and alternative RTKs such as phospho-EGFR, phospho-HER3 and phospho-IGFR-1R was observed in these resistant cell lines. Furthermore, neuregulin 1 (NRG1), a ligand for HER3, was found to be upregulated and responsible for resistance by activating the EGFR family pathways through the NRG1--HER3--EGFR axis.[@b90-dddt-11-2047]

Finally, P-gp overexpression mediated resistance in *ALK*-rearranged NSCLC patients who received ceritinib or crizotinib therapy, but not alectinib.[@b91-dddt-11-2047] Such resistance occurs independent of the presence of ALK mutations and other major activated oncogenes. Indeed, it was demonstrated that brain penetration of ceritinib is strongly restricted by Abcb1a/1b on BBB and by Abcg2 only in the absence of Abcb1a/1b.[@b71-dddt-11-2047] Thus, the determination of P-gp expression may provide additional useful information to select the optimal ALK TKI therapy.

Ongoing studies and therapeutic combinations
--------------------------------------------

After crizotinib, ceritinib was the second ALK inhibitor to receive approval, thus expanding the array of effective therapeutic options for *ALK*-positive NSCLC. However, there is still room for improvement and numerous ongoing trials are investigating whether combinatorial strategies can be more effective than ceritinib as a single agent for improving the outcome of *ALK*-rearranged NSCLC patients ([Table 3](#t3-dddt-11-2047){ref-type="table"}). Heat shock protein 90 (Hsp90) is a chaperone protein that regulates the folding, stabilization and function of not only different client proteins, including the growth factors and signaling molecules, but also of oncogenic kinases including EGFR, BRAF, c-MET and EML4/ALK.[@b92-dddt-11-2047] Preclinical data demonstrated that Hsp90 inhibitors were effective against cell lines and xenograft models positive for the *EML4--ALK* fusion gene. In *ALK*-driven NSCLC cells and xenografts of NSCLC resistant to ALK inhibitors, superior antitumor efficacy was observed when combining the Hsp90 inhibitor ganetespib with other targeted ALK agents.[@b93-dddt-11-2047] Ganetespib overcame crizotinib resistance due to multiple forms of resistance, including *ALK* secondary mutations. In a Phase II trial of ganetespib in advanced NSCLC patients, in a cohort of 23 patients with NSCLC, wild type for both *EGFR* and *KRAS*, *ALK* rearrangements were found in 8 patients. Of these, four had partial response and three had stable disease.[@b94-dddt-11-2047] Another potent HSP90 inhibitor, luminespib (AUY922), demonstrated significant activity in crizotinib-naïve and crizotinib-resistant patients in an initial Phase II trial, with the most common all grade toxicities being eye disorders, diarrhea and nausea.[@b95-dddt-11-2047] However, in another more recent Phase II trial of luminespib monotherapy in *ALK*-positive patients who had progressed on prior ALK TKIs, no objective responses were observed among the six patients enrolled. Despite the low number of patients and premature closure of the study, these results suggest that monotherapy with this HSP90 inhibitor may not be a valid treatment option in this setting.[@b96-dddt-11-2047] A Phase Ib, open-label, dose escalation study evaluating the combination of ceritinib and luminespib in crizotinib-resistant, *ALK*-rearranged NSCLC patients (NCT01772797) has been completed and its results are pending ([Table 3](#t3-dddt-11-2047){ref-type="table"}).

Other possible therapeutic combinations to overcome or delay resistance to ceritinib are suggested by in vitro studies, such as the potential of combining the irreversible EGFR TKI, afatinib, with ceritinib in those cases of resistance mediated by activation of EGFR family pathways.[@b90-dddt-11-2047]

A Phase Ib/II study of the ALK inhibitor ceritinib in combination with the CDK4/6 inhibitor LEE011 (ribociclib) in patients with *ALK*-positive NSCLC is currently recruiting participants. The purpose of this study is to determine the MTD/recommended phase 2 dose (RP2D) of ribociclib and ceritinib combination and to evaluate whether this combination is safe and has activity in *ALK*-positive advanced NSCLC patients, who are ALK-inhibitor-naïve or have progressed after treatment with an ALK inhibitor other than ceritinib or after treatment with ceritinib (NCT02292550). The introduction of immune checkpoint inhibitors, including monoclonal antibodies directed against the cytotoxic T-lymphocyte-associated antigen-4 and the programmed cell death protein-1/programmed cell death ligand-1 (PD-1/PD-L1) pathways, has improved the treatment of advanced NSCLC, especially for those patients without targetable activated oncogenes.[@b97-dddt-11-2047] There is strong scientific rationale for sequentially or concurrently combining ALK inhibitors with immune checkpoint blockade.[@b45-dddt-11-2047],[@b98-dddt-11-2047],[@b99-dddt-11-2047] However, recent data from clinical trials suggest that anti-PD-1/PD-L1 antibodies are less effective in never-smokers, which is the population enriched for EGFR mutations or ALK rearrangements, compared to smokers, probably for increased tumor immunogenicity due to a higher mutational load in smoking-associated lung cancer.[@b97-dddt-11-2047] Moreover, poor responses to PD-1/PD-L1 inhibitors have been observed in EGFR-mutated or *ALK*-rearranged NSCLC patients and this can be explained by low rates of concurrent PD-L1 expression and CD8(+) tumor-infiltrating lymphocytes (TILs) within the tumor microenvironment.[@b100-dddt-11-2047] Some ongoing studies are evaluating the combination of ALK inhibitors and checkpoint inhibitors, including an open-label, multicenter, Phase I trial of ceritinib in combination with the anti-PD1 monoclonal antibody, nivolumab, in *ALK*-positive, stage IIIB or IV NSCLC. Primary outcome measures are MTD and/or recommended dose for the expansion phase and ORR. Secondary outcome measures include DOR, DCR and OS (NCT02393625). We should mention that molecular docking simulations and preclinical studies demonstrate that ceritinib may also be active against *ROS1*-rearranged NSCLC and some clinical reports confirm this activity.[@b66-dddt-11-2047],[@b101-dddt-11-2047],[@b102-dddt-11-2047] Ongoing studies are evaluating the role of ceritinib in this subset of patients ([Table 3](#t3-dddt-11-2047){ref-type="table"}).

Discussion and conclusion
=========================

Since the approval of the first-in-class ALK inhibitor, crizo-tinib, in 2011, the landscape of treatment for *ALK*-positive NSCLC has rapidly evolved over the last few years, thus leading to a significant improvement in the prognosis of this molecularly defined subset of NSCLC patients.

Crizotinib was approved based on pronounced clinical benefit observed in early-phase studies in *ALK*-rearranged NSCLC patients. However, despite its remarkable activity, the vast majority of patients inevitably progress due to acquired resistance, with the brain being a common site of relapse. The most common mechanisms underlying acquired resistance have been characterized, and these include *ALK* secondary mutations or copy number alterations and activation of alternative bypass signaling pathways. In order to face the major shortcomings of crizotinib, various next-generation ALK inhibitors have been developed and are currently at different phases of clinical development. These are structurally distinct, have higher potency against ALK and ALK with resistance mutations and improved BBB penetration, compared to crizotinib. Ceritinib, a highly potent and selective ALK inhibitor, was the first to be approved by the FDA in 2014 for the treatment of *ALK*-positive NSCLC patients with progression, or who are intolerant to crizotinib, based on pronounced clinical activity observed in the Phase I ASCEND-1 trial, and it is currently approved in the European Union and in several countries worldwide with this indication. In Phase I and II studies, ceritinib treatment produced significant objective responses in both crizotinib-resistant and crizotinib-naïve *ALK*-positive NSCLC patients, and recent results from Phase III studies have demonstrated that ceritinib significantly improves PFS compared with standard chemotherapy in the first- and second-line treatment setting of *ALK*-positive, advanced NSCLC patients, with associated significant improvements in QoL and lung cancer symptoms. Thus, this great amount of data suggests that ceritinib is a solid therapeutic choice in crizotinib-resistant *ALK*-positive NSCLC patients, including those with CNS involvement. Sequential crizotinib and ceritinib in a multi-institutional retrospective analysis was associated with a PFS of 17.4 months and an impressive OS of 49.4 months, suggesting that sequential use of different ALK inhibitors is an effective strategy in *ALK*-positive NSCLC patients.[@b103-dddt-11-2047] Despite the success of ceritinib in clinical development, other available next-generation inhibitors have shown robust clinical activity in crizotinib-pretreated patients, including alectinib, which has already been approved by the FDA and the EMA, and brigatinib, which has received breakthrough therapy designation by the FDA. Notably, the activity of these next-generation ALK inhibitors has been also observed in crizotinib-naïve patients, and alectinib and brigatinib are currently being investigated in Phase III studies in a head-to-head comparison with crizotinib in ALK-inhibitor-naïve patients.

Therefore, since ceritinib has gained an unquestionable role in the therapeutic algorithm of *ALK*-positive NSCLC patients, with the availability of new and active next-generation ALK inhibitors, selecting the appropriate sequence of ALK TKIs has become a crucial factor to improve patient outcomes. After crizotinib failure, some important points can be helpful in guiding selection between the two clinically approved next-generation ALK inhibitors, ceritinib or alectinib. One is the intracranial activity of these compounds. Indeed, alectinib is not a P-gp substrate and can achieve higher CNS levels compared to ceritinib or crizotinib, thereby improving CNS disease control, as demonstrated in clinical studies.[@b71-dddt-11-2047],[@b79-dddt-11-2047],[@b81-dddt-11-2047] Therefore, alectinib can be considered a preferred option for *ALK*-positive NSCLC patients with CNS progression. Also, the side effect profile is slightly different between ceritinib and alectinib, with clinical data suggesting alectinib is overall better tolerated than ceritinib. Recent data suggest that treatment choice at progression should be guided by underlying resistance mutations. Indeed, ceritinib is not only able to overcome the most common crizotinib-resistant mutations, but also has activity against some mutations conferring resistance to alectinib.[@b67-dddt-11-2047],[@b86-dddt-11-2047],[@b87-dddt-11-2047] However, acquired resistance to ceritinib may eventually occur, with secondary *ALK* mutations being the most common mechanism of resistance found in postprogression patient samples. G1202R and F1174C/L represent the predominant resistance mutations after ceritinib treatment.[@b89-dddt-11-2047] The F1174 mutation confers resistance to ceritinib, but is still sensitive to alectinib, while the G1202R is resistant to most next-generation ALK inhibitors, except lorlatinib. This potent third-generation ALK inhibitor was able to inhibit the growth of ceritinib-resistant patient-derived cell lines harboring *ALK* resistance mutations, including G1202R, and was also active against cell lines with compound mutations, which occur when patients are sequentially treated with different ALK TKIs.[@b89-dddt-11-2047] Of note, in a recent report, a secondary mutation conferring resistance to lorlatinib was identified, and this mutation, ALK L1198F, paradoxically enhanced binding to crizotinib, thus resensitizing resistant cancers to crizotinib.[@b104-dddt-11-2047] Overall, these data corroborate the use of molecular profiling at disease progression to match the treatment choice to each acquired mutation. In those cases in which resistance to ceritinib is associated with ALK-independent mechanisms, such as activation of alternative kinases involved in proliferation signaling pathways or epithelial--mesenchymal transition (EMT), rational combinations of drugs can repre-sent a promising therapeutic option, as suggested by some preclinical evidence. Some studies are currently evaluating combinations of immune checkpoint inhibitors with ALK inhibitors, and results in terms of activity and toxicity of these novel combinations are also eagerly awaited.
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![Ceritinib is a potent and selective ALK tyrosine kinase inhibitor, with activity against various crizotinib and alectinib resistance mutations (in green). Ceritinib-resistant *ALK* mutations (in red) include G1202R and F1174C/L.\
**Abbreviations:** AKT, protein kinase B; ALK, anaplastic lymphoma kinase; BAD, Bcl-2-associated death promoter; EML4, echinoderm microtubule-associated protein-like 4; ERK, extracellular signal-regulated kinase; HELP, hydrophobic EMAP-like protein; JAK, Janus kinase; MEK, MAPK/Erk kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; STAT3, signal transducer and activator of transcription; TM, transmembrane domain; WD, tryptophan--aspartic acid.](dddt-11-2047Fig2){#f2-dddt-11-2047}
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Summary of data from selected clinical trials of ceritinib

  Study name                                                                                      Phase                                     Patient population                                                                                      Study treatment                            ORR                                                                                                        Intracranial ORR (%) (n of patients)   PFS                                                                         OS
  ----------------------------------------------------------------------------------------------- ----------------------------------------- ------------------------------------------------------------------------------------------------------- ------------------------------------------ ---------------------------------------------------------------------------------------------------------- -------------------------------------- --------------------------------------------------------------------------- -------------------------------------------------
  ASCEND-1[@b68-dddt-11-2047]                                                                     I                                         Advanced cancers with ALK alterations (*ALK*-rearranged NSCLC, n=122)                                   Ceritinib (50--750 mg once daily)          58% (95% CI: 48--67): 56% in crizotinib-pretreated patients[\*](#tfn1-dddt-11-2047){ref-type="table-fn"}   --                                     7 months (95% CI: 5.6--9.5): 6.9 months in crizotinib-pretreated patients   --
  62% in crizotinib-naïve patients                                                                NR in crizotinib-naïve patients                                                                                                                                                                                                                                                                                                                                                                                            
  ASCEND-1 (updated analysis)[@b72-dddt-11-2047]                                                  I                                         *ALK*-rearranged NSCLC: ALK inhibitor naïve (n=39)                                                      Ceritinib (750 mg/day)                     72% (95% CI: 61--82)                                                                                       63% (95% CI: 25--92)                   18.4 months (95% CI: 11.1--NE)                                              NR (95% CI: 19∙6--NE)
  ALK inhibitor pretreated (n=83)                                                                 56% (95% CI: 49--64)                      36% (95% CI: 19--56)                                                                                    6.9 months (95% CI: 5.6--8.7)              16.7 months (95% CI: 14∙8--NE)                                                                                                                                                                                                
  ASCEND-2[@b74-dddt-11-2047]                                                                     II                                        Chemotherapy (including platinum doublet) and crizotinib-pretreated, *ALK* - rearranged NSCLC (n=140)   Ceritinib (750 mg/day)                     38.6% (95% CI: 30.5--47.2)                                                                                 45% (95% CI: 23.1%--68.5%)             5.7 months (95% CI: 5.4--7.6)                                               14.9 months (95% CI: 13.5--NE)
  ASCEND-3 (FUP \>2 years)[@b75-dddt-11-2047]                                                     II                                        ALK TKI-naïve, chemotherapy-pretreated, *ALK*-rearranged NSCLC                                          Ceritinib (750 mg/day)                     67.7% (95% CI 58.8--75.9)                                                                                  61.5% (95% CI: 31.6--86.1)             16.6 months (95% CI: 11--22.1)                                              Estimated 24 months: 77.5% (95% CI: 58.0--75.2)
  57.1% (95% CI: 42.2--71.2)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  All patients (n=124)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  • Patients with BM (n=49)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  • Patients without BM (n=75)                                                                    74.7% (95% CI: 63.3--84.0)                                                                                                                                                                                                                                                                                                                                                                                                 
  ASCEND-4[@b76-dddt-11-2047]                                                                     III                                       Treatment-naïve (no prior chemotherapy or ALK inhibitor), *ALK*-rearranged NSCLC (n=376)                Ceritinib                                  72.5% (95% CI: 65.5--78.7)                                                                                 72.7% (95% CI: 49.8--89.3)             16.6 months                                                                 NE
  Cisplatin 75 mg/m^2^ or carboplatin AUC 5--6/pemetrexed 500 mg/m^2^                             26.7% (95% CI: 20.5--33.7)                27.3% (95% CI 10.7--50.2)                                                                               8.1 months (HR 0.55, 95% CI: 0.42--0.73)   26.2 months (HR 0.73, 95% CI: 0.50--1.08)                                                                                                                                                                                     
  ASCEND-5[@b77-dddt-11-2047]                                                                     III                                       Chemotherapy (including platinum doublet) and crizotinib-pretreated, *ALK*-rearranged NSCLC (n=231)     Ceritinib                                  39.1% (95% CI: 30.2--48.7)                                                                                 --                                     5.4 months                                                                  18.1 months
  Pemetrexed 500 mg/m^2^ or docetaxel 75 mg/m (crossover [@b2-dddt-11-2047] to ceritinib at PD)                                                                                                                                                                                                                                                                                                                                                                                                                              
  6.9% (95% CI 3--13.1)                                                                           1.6 months (HR 0.49, 95% CI 0.36--0.67)   20.1 months (HR 1.0, 95% CI 0.67--1.49)                                                                                                                                                                                                                                                                                                                                          

**Note:**

114 NSCLC patients who received ceritinib at least 400 mg daily.

**Abbreviations:** ALK, anaplastic lymphoma kinase; AUC, area under the curve; BM, brain metastases; CI, confidence interval; HR, hazard ratio; NA, not assessed; NE, not estimable; NR, not reached; NSCLC, non-small cell lung cancer; ORR, objective response rate; OS, overall survival; PD, progression of disease; PFS, progression-free survival; TKI, tyrosine kinase inhibitor.

###### 

Most common adverse events from clinical trials of ceritinib

  Study name                    All grades                                                                                                                                                                                                                                                                                                                                                                                    Grade ≥3 (≥5% of patients)
  ----------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ASCEND-1[@b72-dddt-11-2047]   Diarrhea (86%), nausea (83%), vomiting (61%), ALT increased (45%), ALT increased (45%), fatigue (43%), abdominal pain (38%), decreased appetite (38%), AST increased (33%), constipation (30%), cough (29%), dyspnea (25%), headache (21%)                                                                                                                                                    ALT increased (30%), AST increased (10%), diarrhea (6%), nausea (6%), lipase increased (6%), hyperglycemia (6%), anemia (5%), pneumonia (5%), fatigue (5%), blood alkaline phosphatase increased (5%)
  ASCEND-2[@b74-dddt-11-2047]   Nausea (81.4%), diarrhea (80%), vomiting (62.9%), ALT increased (43.6%), decreased appetite (40.7%), fatigue (36.4%), weight decreased (34.3%), AST increased (32.1%), abdominal pain (31.4%), constipation (28.6%), cough (21.4%), dyspnea (20.7%), pyrexia (20.7%)                                                                                                                          ALT increased (17.1%), γ-GT increased (12.1%), diarrhea (6.4%), nausea (6.4%), fatigue (6.4%), AST increased (5%), dyspnea (5.7%)
  ASCEND-3[@b75-dddt-11-2047]   Diarrhea (85.5%), nausea (77.4%), vomiting (71.8%), decreased appetite (53.2%), ALT increased (50%), AST increased (42.7%), fatigue (37.9%), abdominal pain (37.1%), weight decreased (34.7%), γ-GT increased (27.4%), constipation (25%), blood creatinine increased (24.2%), dyspnea (24.2%), blood ALP increased (23.4%), back pain (22.6%), cough (21.8%), headache (21%), rash (20.2%)   ALT increased (21%), γ-GT increased (19.4%), AST increased (9.7%), blood ALP increased (7.3%), fatigue (8.1%), nausea (6.5%), vomiting (6.5%)
  ASCEND-4[@b76-dddt-11-2047]   Diarrhea (85%), nausea (69%), vomiting (66%), ALT increased (60%), AST increased (53%), γ-GT increased (37%), decreased appetite (34%), ALP increased (29%), fatigue (29%), abdominal pain (25%), cough (24%), weight decreased (24%), blood creatinine increased (22%), upper abdominal pain (21%), noncardiac chest pain (20%)                                                              ALT increased (31%), γ-GT increased (29%), AST increased (17%), ALP increased (7%), diarrhea (5%), vomiting (5%)
  ASCEND-5[@b77-dddt-11-2047]   Diarrhea (72.2%), nausea (66.1%), vomiting (52.2%), ALT increased (42.6%), decreased appetite (41.7%), AST increased (36.5%), weight decreased (29.6%), fatigue (27%), asthenia (22.6%), blood ALP increased (22.6%), γ-GT increased (22.6%), abdominal pain (21.7%), back pain (21.7%)                                                                                                       ALT increased (20.9%), γ-GT increased (20.9%), AST increased (13.9%), nausea (7.8%), vomiting (7.8%), ALP increased (6.1%), fatigue (5.2%), asthenia (5.2%), diarrhea (4.3%)

**Abbreviations:** γ-GT, γ-glutamyl transferase; ALP, alkaline phosphatase; ALT, alanine aminotrasferase; AST, aspartate aminotransferase.

###### 

Summary of selected ongoing trials of ceritinib (LDK378) in NSCLC

  Clinical trial   Phase             Full title                                                                                                                                                                                                                        Recruitment status[\*](#tfn4-dddt-11-2047){ref-type="table-fn"}
  ---------------- ----------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------
  NCT02321501      I/Ib              Dose escalation & biomarker study of ceritinib (LDK378) in combination with everolimus in patients with locally advanced or metastatic solid tumors with an expansion in NSCLC characterized by abnormalities in ALK expression   Currently recruiting
  NCT01947608      Expanded access   Open-label, multi-center, Expanded Treatment Protocol (ETP) of oral LDK378 in adult patients with NSCLC characterized by ALK positivity                                                                                           Available
  NCT01772797      Ib                Open-label, dose escalation study of LDK378 and AUY922 in patients with *ALK*-rearranged NSCLC                                                                                                                                    Completed
  NCT02292550      I/II              A Phase Ib/II study of the ALK inhibitor ceritinib in combination with the CDK4/6 inhibitor LEE011 in patients with *ALK*-positive NSCLC                                                                                          Currently recruiting
  NCT02040870      I/II              A Phase I/II, multicenter, open-label, single-arm study of LDK378, administered orally in adult Chinese patients with *ALK*-rearranged (*ALK*-positive) advanced NSCLC previously treated with crizotinib                         Ongoing, not recruiting
  NCT02393625      I                 A multi-center, open-label study to assess the safety and efficacy of combination ceritinib and nivolumab in adult patients with ALK + NSCLC                                                                                      Currently recruiting
  NCT02513667      II                Phase II trial of ceritinib in combination with stereotactic ablative radiation in *ALK*-rearranged metastatic lung adenocarcinoma                                                                                                Currently recruiting
  NCT02336451      II                A Phase II, multi-center, open-label, five-arm study to evaluate the efficacy and safety of oral ceritinib treatment for patients with *ALK*-positive NSCLC metastatic to the brain and/or to leptomeninges                       Currently recruiting
  NCT02276027      II                A Phase II, open-label, multiple arm study of single agent AUY922, BYL719, INC280, LDK378 and MEK162 in Chinese patients with advanced NSCLC[\#](#tfn5-dddt-11-2047){ref-type="table-fn"}                                         Currently recruiting

**Notes:**

Based on information available from <https://www.ClinicalTrials.gov>.

Selection of targeted agent is based on the presence of specific molecular alteration in tumors.

**Abbreviations:** ALK, anaplastic lymphoma kinase; NSCLC, non-small cell lung cancer.
